Experiments were performed in human working myocardium to investigate the relationship of intracellular calcium handling and availability to alterations in the strength of contraction produced by changes in stimulation rate and pattern. Both control and myopathic muscles exhibited potentiation of peak isometric force during the postextrasystolic contraction which was associated with an increase in the peak intracellular calcium transient. Frequency-related force potentiation was attenuated in myopathic muscles compared to controls. This occurred despite an increase in resting intracellular calcium and in the peak amplitude of the calcium transient as detected with aequorin. Therefore, abnormalities in contractile function of myopathic muscles during frequency-related force potentiation are not due to decreased availability of intracellular calcium, but more likely reflect differences in myofibrillar calcium responsiveness. Sarcolemmal calcium influx may also contribute to frequency-related changes in contractile force in myopathic muscles as suggested by a decrease in action potential duration with increasing stimulation frequency which is associated with fluctuations in peak calcium transient amplitude. (J.
Introduction
Over 118 years ago, Bowditch (1) first called attention to the influence of the interval between contractions on the strength of myocardial contraction. Nevertheless, confusion remains regarding the mechanisms underlying the force-interval relationship of working myocardiuin. Conflicts have arisen because of attempts to generalize from observations made in a single species or with muscle taken from different areas of the heart. Seemingly contradictory results have been obtained under experimental conditions that differed with respect to temperature, ionic environment, and level of oxygenation (2) .
Interval-dependent changes in the strength and time course of contraction result both from alterations in the duration of the active state and from changes in the degree of activation of the contractile elements (e.g., shifts of the force-velocity curve) (2) .
The relationship between myocardial contractile force and increased stimulation frequency is positive in many mammalian species but negative in the rat (3). Orchard and Lakatta (3) have suggested that the negative force-frequency relationship in the rat is due to diminished sarcoplasmic reticulum calcium release. Penefsky and colleagues (4, 5) also described a negative force-frequency relationship in hypertrophied human myocardium. In addition, hemodynamic studies in patients with heart failure have shown little or no increase in contractility with increasing frequency of stimulation (6) . Although it has been proposed that the negative force-frequency relationship in diseased human myocardium does not occur as a result of diminished sarcoplasmic reticulum calcium release (4, 5) , force-frequency relationships and postextrasystolic potentiation in human myocardium have not previously been studied in relation to calcium handling events. It was therefore of interest to us to investigate the force-frequency relationship and postextrasystolic potentiation in normal and diseased human myocardium in which sarcoplasmic reticulum calcium handling is impaired (7, 8) . We used aequorin, a bioluminescent indicator, to study intracellular calcium ([Ca2+] i) handling.
Further, we studied action potential parameters and their relationship to excitation-contraction coupling.
Since the terminology in this area of investigation has become increasingly confusing and we recognize the need for uniformity in presentation, we have used the terminology adopted by Wier (9) and Wier and Yue (10) .
Methods

Tissue preparation
Informed consent was obtained from all recipients and from families of all donors before heart transplantation or excision. Hearts obtained from organ donors without cardiac disease that were not suitable for transplantation were used as controls (n = 18). Cardiac tissue was also obtained from patients with end-stage heart failure at the time of cardiac transplantation (n = 20). 14 of 20 muscles were obtained from patients with idiopathic dilated cardiomyopathy, 5 muscles were obtained from patients with ischemic cardiomyopathy, and I from a patient with hypertrophic cardiomyopathy.
At the time of excision, the hearts were placed in an oxygenated physiologic salt solution at room temperature and rapidly transported to the laboratory where a trabecula was dissected free and superfused in oxygenated physiologic salt solution inside a light-collecting apparatus, as previously described (7) . 16 of 18 control muscles and 18 of 20 myopathic muscles were from the right ventricle. For control and myopathic muscles, mean fiber diameters were 0.92±0.08 and 1.0±0.12 mm; and mean lengths 8.9±0.6 and 9.0±0.6 mm, respectively.
Electrophysiology
Trabeculae carneae used for electrophysiological studies were obtained from the same hearts and handled in a similar fashion as the aequorin-loaded preparations. Action potentials were recorded as previously described (15).
Monoexponential curve-fitting procedure Monoexponential functions were fitted to two types of curves (restitution curves and postextrasystolic potentiation curves). A double-exponential function was fitted to frequency potentiation curves (see Results) . The Taylor series method of nonlinear least-squared error estimation was used (16) . Time constants andy-intercepts associated with the fitted exponential functions were determined.
Cellular cakcium fluctuations
Analog records were digitized at 250 Hz. Peak amplitudes were plotted against stimulus number and analyzed with a discrete Fourier transform. Calcium and tension responses in the presence of 2.5 mM [Ca2+J0 were analyzed at 0.33-and 1-Hz stimulation frequencies (17).
Experimental protocols
Frequency and postextrasystolic potentiation. For postextrasystolic potentiation studies, muscles were allowed to reach steady state at a stimulation frequency of0.2 Hz to produce a "conditioned beat." The experimental paradigm is illustrated in Fig. 1 . Using the experimental protocol of paired stimulation, a premature stimulus was inserted at 0.25-2 Hz after the conditioned stimulus (Cin Fig. 1 ). This premature stimulus produced an extrasystole (E.S. in Fig. 1 ). The time between the conditioned and premature stimulus was called the extrasystolic interval (E.si. in Fig. 1 ). The time between the premature stimulus and the following potentiated contraction was termed the postextrasystolic interval (P.e.s.i.) and was kept constant at 0.2 Hz (Fig. 1) Tetanization. The use ofbriefperiods ofrapid pacing followed by a pause has been reported to evoke maximal force ofcontraction (18) . 10 additional right ventricular muscles were studied from myopathic hearts (six hearts were from patients with idiopathic dilated cardiomyopathy, three hearts from patients with chronic volume overload, and one heart from a patient with ischemic heart disease). Tetanus Statistics. The t test for paired and unpaired data was used for statistical analysis. Two way analysis of variance using repeated measures followed by Newman-Keuls pairwise comparison was used when appropriate. Mean and SEM are reported. A P value < 0.05 was considered significant.
Results
Calcium transients in control and myopathic human myocardium. In control human myocardium the calcium transient is monophasic (LI in Fig. 1 ). In contrast, the calcium transient from myopathic tissue consists of two components (LI and L2 in Fig. 1 ). The delayed component, L2, appears to be caused by abnormal sarcoplasmic reticulum calcium handling and enhanced calcium flux across the sarcolemma (7, 8) .
Intracellular calcium levels in control and myopathic myocardium. Table I lists resting, end-diastolic, and peak intracellular calcium levels for control and myopathic tissues. Intracellular calcium concentration for the second component (L2 ) in myopathic tissue is also included in Table I . Myopathic tissue demonstrated significantly higher resting and end-diastolic calcium levels. Peak calcium levels were not significantly different between control and myopathic tissue at any [Ca2+]0.
Postextrasystolic potentiation: summation ofcontractions. Fig. 1 illustrates the experimental protocol and representative data from experiments in control and myopathic trabeculae. Postextrasystolic potentiation produced no increase in resting tension or calcium and summation was never seen in control muscles. As the extrasystolic interval was reduced in control and myopathic muscle, potentiation of the conditioned beat (postextrasystole) and associated calcium transient developed and a new steady state was attained (Fig. 1) . Changes in force and intracellular calcium occurred on a beat-to-beat basis. The extrasystole was associated with an increase in amplitude of the contractile response and no significant change in the amplitude of the associated calcium transient at intervals . 700 ms. At intervals < 700 ms the amplitude of the contraction and associated peak [Ca2+]J decreased. When extrasystoles occurred at extrasystolic intervals < 700 ms, the postextrasystole developed the same force as the conditioned contraction. Peak amplitude of the calcium transient also returned to a level similar to that which occurred at the conditioning frequency.
In myopathic tissue there was often summation of the contractile response with the extrasystole being potentiated more than the postextrasystolic response (n = 6) ( Fig. 1) . The fact that summation never occurred in control myocardium during postextrasystolic potentiation under similar conditions supports the observation that sarcoplasmic reticulum calcium handling and, possibly, sarcolemmal calcium flux are abnormal in myopathic human myocardium (7) . Summation of the isometric contractions was associated with fusion of the cal- Conduction and latency. The relationship of muscle refractoriness to stimulation frequency was demonstrated by reducing the extrasystolic interval below the optimal range for potentiation. The effective refractory period was defined as the minimal extrasystolic interval that did not result in an extrasystole. There was no significant difference between the refractory period for myopathic (n = 9) and control tissue (n = 6) (630±60 and 730±60 ms, respectively, P > 0.1). (n = 6) and myopathic (n = 9: seven idiopathic cardiomyopathy, two ischemic cardiomyopathy) sets of curves (restitution and postextrasystolic potentiation expressed as mean of all pooled data). The R values were P < 0.05 indicating that the curves were well fitted by the exponential form. Time constants and yintercepts for the restitution curves for control and myopathic tissue were 4,540 and 4,300 ms; Y°= 145 and 207, respectively. Time constants and y-intercepts for postextrasystolic toles) or of the associated intracellular calcium transients with increasing prematurity of the extrasystoles for control versus myopathic tissue (Table II) . The extrasystole demonstrated no significant change in the time to peak tension until relatively short extrasystolic interval, but did show abbreviation ofrelaxation time with decreasing extrasystolic interval (Table II) . However, the maximum rate of tension development, as reflected by an increase in peak developed tension, increased with prematurity until an "optimal" interstimulus interval was reached and then declined. All data in Table II were derived from contractions preceded by activations that were not fused to the postextrasystole. These beats were, however, not fully potentiated. In some cases we extrapolated to baseline the rate of relaxation of fully potentiated beats that were fused with the premature extrasystole and could not demonstrate a change in the time course of contraction. In contrast to the response at the optimal extrastimulus interval, increasing the frequency of stimulation to 1 Hz resulted in a marked abbreviation in the time to peak tension and relaxation phase. (Fig. 1) . Increasing the frequency of stimulation to 1 Hz resulted in an increase in resting tension and an increase in resting calcium levels in some myopathic muscles (see below).
Frequency potentiation: The effect on tension development and intracellular calcium. To investigate the relationship between peak isometric twitch force and peak calcium we generated calcium concentration response curves and frequency response curves in the same muscles. Peak tension increased with increasing [Ca2+]0 as previously reported (7) Relationships between calcium concentration, peak tension, and stimulation frequency were evaluated using linear regression analysis. For the frequency response curve there was a linear correlation (r = 0.95) between peak calcium and peak tension (Fig. 6) . For increasing concentrations of extracellular calcium there was a similar correlation between peak calcium (i.e., LI and L2 in myopathic tissue) and peak tension (Fig. 6 ).
Force potentiation curves were generated (Fig. 7) The lack of augmentation with increased frequency of stimulation in myopathic muscles could be explained on the basis of core hypoxia if muscle diameter exceeded the critical diameter for oxygen diffusion from the surface to the inner fibers (19) . We found no correlation between peak tension at faster stimulation rates (2 1 Hz) and fiber diameter or crosssectional area in myopathic tissue. In our experiments trabecular strips with diameters as small as 0.2 mm and cross-sectional areas of 0.19 mm2 demonstrated lack of force augmentation. Li [Ca2+].
According to Koch-Weser (19) , limiting the cross-sectional areas of experimental preparations to < 0.59 mm2 should avoid problems with core hypoxia. There did, however, appear to be a bimodal relationship between myocyte fiber diameter (n = 12) and force. Moderately hypertrophied (a 23 jAm) fibers generated less force than slightly hypertrophied fibers (a 17 jim). These data suggest that hypertrophied myocytes could develop a "metabolic" hypoxia secondary to depletion of high energy phosphates which would explain the negative force-frequency relationship and diminished augmentation.
Effect offrequency on the time course ofcontraction. Myopathic human myocardium has a prolonged contractile response compared to control human myocardium (7, 20) . The effects of increasing stimulation rate on time course of isometric contraction and associated calcium transients are summarized in Table IV . Increasing the stimulation rate resulted in abbreviation ofthe contractile response and ofthe intracellular calcium transient. Pairwise comparisons for control and myopathic muscles at the same stimulation frequency revealed significant differences (Table IV) .
Effect of agents that alter cyclic AMP levels. If the altered frequency response relationship and summation observed with postextrasystolic potentiation in myopathic tissue arises as a result of altered sarcoplasmic reticulum calcium handling then agents that enhance sarcoplasmic reticulum calcium handling would be expected to produce responses more similar to those seen in control muscles. In the presence of isoproterenol or forskolin which enhance sarcoplasmic reticulum calcium handling by increasing cyclic AMP, the biphasic calcium transient seen in myopathic tissue became monophasic (only LI remained). In addition, in the presence of these agents myopathic muscles stimulated at 1 Hz demonstrated no increase in resting calcium or resting tension. Conversely, the addition of carbachol, which decreases intracellular cyclic AMP, resulted in an increase in resting calcium and tension (data not shown). Further, myopathic muscle exposed to isoproterenol no longer exhibited an augmented extrasystole at short extrasystolic intervals but demonstrated postextrasystolic potentiation at short extrasystolic intervals similar to what was observed in control muscles (Fig. 8) . The fact that summation could be reversed with agents that facilitate sarcoplasmic reticulum calcium handling suggests that sarcoplasmic reticulum function is impaired in myopathic human myocardium. While it is true that these agents also increase slow inward current, their predominant effect is on phosphorylation of the sarcoplasmic reticulum with resultant enhanced uptake of calcium (21, 22 myopathic muscles (Fig. 9) . At 5-and 20-s delays there was an increase in peak tension with no change in intracellular calcium levels. Effects on action potential parameters. Excitation-contraction coupling can be affected by alterations in action potential configuration. The effect of varying the frequency of stimulation on action potential parameters is summarized in Table V offset," was the same for both physiological and slowed contractions of widely varying strengths (24) . Yue (24) (10) . In our experiments the time constant for the restitution curve in myopathic tissue was less than the time constant for the postextrasystolic potentiation curve (4,300 vs. 5,170 ms, respectively). The time course of the restitution curve for L2 was similarly briefin myopathic tissue (2,7 10 ms). These data suggest that, despite the fact that both functions fit a monoexponential curve and are possibly due to the same underlying phenomenon (e.g., sarcoplasmic reticulum calcium release), different kinetic processes are involved in myopathic tissue.
The increase in contractile force of the extrasystole could possibly be explained on the basis of frequency potentiation.
The increase in contractile force of the extrasystole as a function of extrasystolic interval, however, was independent of the intracellular calcium restitution curve in control muscles. Intracellular calcium therefore did not reflect frequency potentiation. One possible explanation for the potentiation of the extrasystole is indicated by the relationship of L2 to restitution and postextrasystolic potentiation curves in myopathic tissue. With y-axis offsetting, the curves are nearly superimposable except at very short intervals (Figs. 2 and 3 ). This suggests that in the presence of impaired sarcoplasmic reticulum calcium handling and enhanced slow inward current, calcium crossing the sarcolemma directly activates the myofilaments and results in potentiation of the extrasystole (restitution curve). This is reflected in an increased amplitude of L2 without a corresponding increased amplitude of L,. The postextrasystolic potentiation curve, on the other hand, is potentiated for two reasons: (a) enhanced release ofcalcium from the sarcoplasmic reticulum reflected in an increased amplitude of LI associated Changes in myocardial contractility resulting from changes in rate and rhythm of contraction may simply reflect changes in the degree of activation (i.e., the position or shape of the force-velocity curve) and/or changes in duration of the active state (2, 26, 27) . In the present study, the degree of activation, i.e., the availability of Frequency potentiation. The primary differences between postextrasystolic potentiation and frequency potentiation in this study were a change in resting [Ca2+] , levels, resting tension, and degree of augmentation. The increase in resting tension often occurred on the first contraction after a change in stimulation frequency. Similar findings have previously been reported in hypertrophied human myocardium (7, 30, 31) . The increase in resting intracellular calcium and tension can easily be explained on the basis of a relative calcium overload due to impaired sarcoplasmic reticulum calcium handling (7) .
The upward shift in the force-frequency curve supports the hypothesis that the degree of activation of the contractile elements is altered in myopathic tissue compared to controls (Fig.  7) . This is further supported by a similar upward shift in the calcium curve which reflects increased loading of the sarcoplasmic reticulum and enhanced slow inward current. Because the force-frequency curve is shifted upward for myopathic tissue, there appears to be less force when compared to control.
We found that intracellular calcium increased with increasing stimulation frequency in control and myopathic muscle. This is in agreement with other reports (4, 5, 7, 30) . At the highest extracellular [Ca2+] (16 mM) , there was no significant difference between myopathic and control muscles with respect to peak tension generated or peak intracellular calcium levels. However, at faster stimulation rates, myopathic muscles generated less isometric tension than control muscles despite a greater intracellular calcium concentration.
Regression analysis offrequency potentiation curves. Frequency potentiation curves for calcium and force were best fit by double exponential functions with an initial fast component (TrV) and a slower second component (12) . This observation suggests that more than one kinetic process is involved (Fig. 7) (7, 20) .
Since isometric force development lies on the steep portion of the force-calcium relationship, minor changes in myofilament calcium sensitivity could result in significant changes in peak force (32) (see Fig. 9 fore, a small reduction in high energy intracellular phosphate concentration such as might occur with lowered creatine kinase activity (33) could result in enhanced repolarization.
Altered sodium channel kinetics in myopathic muscles might also produce the observed alterations in APD. Agents that delay sodium channel inactivation prolong APD (15). This might in turn produce an increase in [Ca2+]i, via [Na'-Ca2"] exchange. Current technology does not permit easy study of Na' channels from human myocardium but this requires further examination.
Fluctuations of sarcoplasmic reticulum calcium handling. Recent observations indicate that intracellular calcium content oscillates at the onset of increases in stimulation frequency or after long periods of inactivity (39, 40) . At faster stimulation rates reduced and/or slower uptake of calcium by the sarcoplasmic reticulum could lead to accumulation of
[Ca2+]j. The periodicity in the amplitude of the peak calcium transient could result from an unstable calcium release from the sarcoplasmic reticulum with resultant graded sarcoplasmic reticulum calcium release. Abbreviation ofthe action potential with increasing stimulation frequency would result in less calcium flux across the sarcolemma and therefore less calcium release from the sarcoplasmic reticulum. It has been reported that calcium-induced calcium release from the sarcoplasmic reticulum is rate-dependent, and that the effectiveness of the calcium release trigger can be affected by changes in intracellular ionic concentrations (41) .
Changes in APD can affect the release of calcium from the sarcoplasmic reticulum thereby affecting peak force (39, 40) . Similarly, variations in the amount of sarcoplasmic reticulum Ca2" release affect the Ca2" influx across the sarcolemma. Interactions of these systems each of which might proceed with different kinetics would produce a continuing variation in peak [Ca2+] j. An increase in resting [Ca2+]i could further alter these relationships with resultant instability in excitation-contraction coupling (42) .
Summary. In human ventricular myocardium, postextrasystolic potentiation is the result of an increased availability of activator calcium which arises predominantly from the sarcoplasmic reticulum. In myopathic human myocardium, impaired sarcoplasmic reticulum calcium handling removes a significant buffer of free ionized calcium. Therefore, calcium influx from voltage-dependent calcium channels plays a more significant role. Potentiation ofthe extrasystole predominantly reflects a sarcolemmal event whereas potentiation of the postextrasystolic contraction occurs as a result of enhanced Ca2ì nflux and increased calcium release from the sarcoplasmic reticulum.
Frequency potentiation is the result of an increased availability of activator calcium and an abbreviation in the duration of the active state. In myopathic human myocardium the action potential becomes significantly abbreviated with increasing frequency of stimulation. This results in an unstable calcium trigger with resultant graded sarcoplasmic reticulum calcium release. The impaired uptake of calcium by the sarcoplasmic reticulum results in a rise in resting calcium and resting tension which could further abbreviate the action potential through activation of calcium-activated potassium currents and/or inactivation of slow inward calcium currents. Our data also suggest that the reduced augmentation of peak force is due to the accumulation of an intracellular metabolite such as inorganic phosphate. Interestingly breakdown of creatine phosphate/ATP which leads to an increase in inorganic phosphate could also activate a repolarizing potassium current. We therefore propose that alterations in the action potential, in conjunction with the accumulation of inorganic phosphate, result in impairment of force-frequency potentiation in myopathic tissue.
Altered mechanical responses in myopathic human myocardium are not due to diminished intracellular calcium availability. In fact, resting intracellular calcium concentrations are significantly higher in myopathic tissue compared to control.
Clinical implications. The results of these studies have several important clinical implications. First, because the rate-dependent dysfunction of myopathic human muscle does not appear to be caused by decreased availability ofactivator Ca"+, preventive and therapeutic measures should not be directed towards increasing [Ca2+]i with inotropic agents such as digitalis that may create or exacerbate cellular calcium overload. Secondly, use of agents that enhance sarcoplasmic reticulum calcium resequestration and cause an amelioration of rate-related [Ca2+]i handling abnormalities should have a beneficial effect in patients. Thirdly, our findings may explain the beneficial effects of slowing the heart rates in patients with significant cardiac hypertrophy and failure, since bradycardia allows sufficient time for impaired restitution processes to operate. Conversely, these results explain the rate-related decrease in compliance in the hypertrophied ventricle, and the inability of patients with congestive heart failure and compensatory hypertrophy to tolerate tachycardia.
